Abstract The effect of 0.3 and 0.7 M NaCl on biomass yield, total nitrogen content, intracellular lipid content, and fatty acid profile of the lipids of the alga Botryococcus braunii IPPAS H-252 in different phases of the culture cycle was studied. The presence of sodium chloride in the medium inhibited the growth of algal cells for the first 3 days of the experiment, causing a decrease in total nitrogen, enhanced synthesis of triacylglycerols, and considerable changes in the lipid fatty acid profile: decreases in polyenoic acid contents (from 68.34% to 29.38% and 12.8%) and proportions of long-chain saturated acids (from 0.53% to 5.3% and 14.13% of the total fatty acids) at 0.3 M NaCl and 0.7 M NaCl, respectively. In later phases of the culture, at 0.3 M NaCl, the content of polyenoic acids rose to the values characteristic of the active growth phase of this alga. At 0.7 M NaCl, the proportion of polyenoic acids grew less significantly, but biomass concentration and total nitrogen increased, similarly to the experiment with 0.3 M NaCl.
Introduction
The green unicellular colonial microalga Botryococcus braunii Kützing is considered to be a potential producer of biofuel-liquid hydrocarbons, whose composition depends on the race of the alga: A, B, or L. Hydrocarbons as a fraction of total lipids can amount to 2-86% of dry biomass; their content is determined by strain specificity and culture conditions (Metzger and Largeau 1999) . Moreover, lipid content, fatty acid profile, and acid value are also important parameters of biofuel (Gouveia et al. 2009 ). It is known that lipid production by microalgae is regulated by environmental factors (Harwood and Jones 1989) . One of the factors influencing lipid content of algae and causing its increase is salinity. Thus, in Isochrysis sp. and Nannochloropsis oculata, elevated salinity resulted in an increase in lipid proportion (Renaud and Parry 1994) . However, the data on the effect of sodium chloride on B. braunii are scarce and contradictory, probably due to strain specificity of the alga. Ben-Amotz et al. (1985) showed in their study that B. braunii cells grown in 0.5 M NaCl contained lower levels of protein, carbohydrates, and pigments than the cells cultured in the absence of sodium chloride, but the content of lipids increased. Cells of B. braunii LB 572 cultured in the presence of low NaCl concentrations (0.17-0.85 mM) also contained enhanced amounts of lipids, including hydrocarbons (Rao et al. 2007 ). However, Vazquez-Duhalt and Arredondo-Vega (1991) reported similar content of lipids in cells of two B. braunii strains (Austin & Göttingen) cultured in the presence and absence of NaCl.
Data on the effect of salt on fatty acid composition of the alga are scarce too. An increase in salt concentration of the medium caused a decrease in the proportion of linoleic acid and a rise in oleic and palmitoleic acids in B. braunii LB 572 cells. In addition to that, the fatty acid profile indicated the presence of long-chain fatty acids (22:0 and 24:0) (Rao et al. 2007 ). However, the fatty acid profile in acylglycerols was practically unaffected by the presence of sodium chloride in two strains of B. braunii (Austin & Göttingen) (Vazquez-Duhalt and Arredondo-Vega 1991) .
Previously, we demonstrated that nitrogen deficiency and elevated or low temperatures influence biochemical composition (mainly the fatty acid spectrum of lipids) of B. braunii IPPAS H-252. However, no significant increase in lipid content was found (Kalacheva et al. 2002b; Zhila et al. 2005) . Thus, the purpose of this study was to examine the effect of sodium chloride on variations in the lipid and fatty acid profile of the alga B. braunii IPPAS H-252.
Materials and methods
The strain was obtained from the Culture Collection of Unicellular Algae at the K.A. (Kalacheva et al. 2002a) .
The alga was cultured in 1.0-L conical flasks at 25°C. The light flux density was 20 Wm −2 ; the light-dark cycle was 14 h/10 h. The culture was continuously aerated with 1% (v/v) CO 2 -air at a rate of 1 Lmin −1 using a membrane compressor. A modified Prate medium (our modification) was used (Kalacheva et al. 2002a ) and the tested sodium chloride concentrations were 0.3 and 0.7 M.
Measurements and analysis
Aliquots of the culture were taken periodically for analysis. Biomass concentration was determined by filtration of the aliquots on the previously weighed 0.85-0.95-μm-pore-size Vladipor filters (Vladimir, Russia). The filters with cells were dried to constant weight at 70°C and weighed. To extract lipids, an aliquot of suspension was centrifuged, and the pellet was washed with a 0.2% NaCl solution. Then, boiling isopropanol was added, and three sequential extractions were carried out with a 1:1 (v/v) mixture of chloroform and isopropanol (Kates 1975) . Extraction of lipids and separation of lipids by thin-layer chromatography were carried out as previously reported (Kalacheva et al. 2002a ). Methanolysis of fatty acids was performed in a 50:1 (v/v) mixture of methanol and sulfuric acid for 2 h at 90°C. Fatty acid methyl esters were analyzed with a GCD Plus gas chromatograph-mass spectrometer (Hewlett Packard, USA), using a 30-m-long HP-5 capillary column with an inner diameter of 0.25 mm (Hewlett Packard, USA).
Chromatographic conditions were carrier gas, helium; flow rate, 1 mL min −1 ; sample input temperature, 230°C; initial temperature, 100°C, programmed to 230°C at the rate of 8°C min −1 ; and detector temperature, 230°C. Samples were injected with the flow split at a ratio of 1:50. Fatty acids were identified by mass spectra and were compared for retention times with those of authentic standards ("Serva" and "Sigma"). The position of double bonds of monoenoic acids was determined by mass spectra of dimethyl disulfide adducts of the respective fatty acid methyl esters (Christie 1989) . Fatty acid contents are given as mol%. Experiments were done in three replicates. Arithmetic means of the results and their standard errors are presented.
Results
Biomass yields of B. braunii grown in medium containing NaCl were almost 2.5 times lower than those of the control culture after 12 days of the experiment (Fig. 1) . Moreover, the alga cultured in the presence of NaCl passed through a lag phase (3 days), and concentration of nitrogencontaining compounds in the cells decreased 1.5-fold and 1.3-fold at 0.3 M NaCl and 0.7 M NaCl, respectively, versus the control (Table 1 ). In later phases of the experiment, concentrations of nitrogen-containing compounds in the algal cells grown in the media with sodium chloride rose to the levels comparable with those in the control.
At day 3, the percentages of intracellular lipids were similar in the control and in the cells grown in the presence of sodium chloride: 14-20% dry weight (Table 1) . By the end of the experiment, lipid contents had decreased both in the control (to 9%) and in the cells grown in the presence of sodium chloride-to 10% and 15% at 0.3 M NaCl and 0.7 M NaCl, respectively. However, triacylglycerol (TAG) content varied significantly. In cells grown in the presence (2), and 0.7 M NaCl (3). Error bar is the standard error of the mean of NaCl (0.3 and 0.7 M), TAG content increased considerably at day3 and remained high throughout the experiment (Table 1) . No TAG increase was shown in the control (Table 1) ; polar lipids dominated throughout the experiment (amounting to 50% of the total lipids). No significant effect of NaCl on the synthesis of intracellular hydrocarbons was observed in the study strain.
The fatty acid profiles of intracellular lipids of B. braunii IPPAS H-252 cultured under different sodium chloride concentrations are shown in Table 2 . The results of twoway analysis of variance of intracellular lipid fatty acids of B. braunii IPPAS H-252 grown at different NaCl concentrations are shown in Table 3 . Two factors (salinity and physiological state of algae) could influence fatty acid composition. Therefore, we took this into account while analyzing obtained results.
The B. braunii fatty acid profile during the active growth phase contained high proportions of C16 and C18 polyenoic acids (62% of total fatty acids), with monoenoic acids amounting to just 8.4%, and that was consistent with our previous data (Kalacheva et al. 2001) . The ratios of monoenoic to polyenoic fatty acids and monoenoic to dienoic ones were very low-0.15 and 0.45, respectively. Later on, the proportion of trienoic acids decreased significantly (from 42.7% to 11.8-19.7%), while the proportion of oleic acid grew (from 3.6% to 25.8-32.1%). The percent of linoleic acid remained unchanged, but the proportion of another dienoic acid (C16:2) dropped almost twofold. The ratio of monoenoic to polyenoic fatty acids increased 6.3-9.5-fold and that of monoenoic to dienoic ones, 5.2-5.6-fold.
The fatty acid profile of the alga grown in the medium containing 0.3 M NaCl varied as follows: At day3 (during the lag phase) the proportions of all dienoic and trienoic acids dropped dramatically, from 64% to 29% (of the total fatty acids), while the concentration of monoenoic acids rose (from 8.5% to 24.85%), mainly due to an increase in the content of oleic acid (C18:1ω9). The total ratios of monoenoic to polyenoic acids and monoenoic to dienoic ones increased sixfold and 5.6-fold, respectively, versus the control. However, at day7 of the experiment, the proportion of polyenoic acids grew to 43%, mainly due to the doubling of linolenic acid content, which reached 25.7%. At the same time, the proportion of oleic acid decreased to 13.64%, and thus, total lipid unsaturation did not change and remained at the same level throughout the rest of the experiment.
Similar, but more pronounced, changes were demonstrated in the fatty acid profile of the alga cultured in the medium containing 0.7 M NaCl. During the lag phase, the percentage of polyenoic acids dropped even more dramatically than at 0.3 M NaCl (more than twofold, to 12.8% of the total fatty acids). The degree of lipid unsaturation decreased to 0.67. Concentrations of trienoic acids (С16:3 and С18:3) decreased significantly, reaching 2.1% and 3.4%, respectively. Then, concentration of polyenoic acids grew to 36.02%, and the degree of lipid unsaturation increased to 1.54. That was lower than the control value, but comparable with the unsaturation in the 0.3 M NaCl experiment.
The proportion of monoenoic acids, which were mainly represented by oleic acid, similarly to the experiment with 0.3 M NaCl, remained practically unchanged throughout the experiment, amounting to 20.57-21.38%. During culture, the ratio of monoenoic to polyenoic acids decreased almost threefold, from 2.12 to 0.72, as the proportion of the latter increased (from 12.8% to 36%).
Considerable variations were found in the content of long-chain saturated fatty acids. At 0.3 M NaCl, during the lag phase (at day3), concentrations of С20:0, С22:0, and С24:0 increased eight-to tenfold versus the control, amounting to 0.6-1%, 0.5-0.8%, and 2-3%, respectively, of the total fatty acids; at 0.7 M NaCl, their total percentage increased to 14.1, and that was 25 times larger than the proportion of these acids in the control. As the culture got adapted to the salt stress, the percentage of these acids decreased to the level registered in the control. In addition to that, among fatty acids of intracellular lipids of the alga grown in the presence of sodium chloride, we detected C26:0, whose proportion decreased toward the end of the experiment too.
Discussion
This study addressed the effect of NaCl on growth and chemical composition of the cells of B. braunii IPPAS H- 252. In preliminary experiments, we found that this strain was not able to grow in a medium containing 0.75 M NaCl. In cultures containing NaCl (0.3 and 0.7 M), the growth of the algae cells was inhibited. It was a lag phase (3 days Vazquez-Duhalt and Arredondo-Vega 1991). Hagemann et al. (1990) showed that immediately after NaCl was added to the medium, total protein synthesis in Synechocystis sp. PCC 6803 was almost completely repressed; repression of the synthesis of some proteins in Anabaena sp. L-31 and Anabaena torulosa was shown even under low sodium chloride concentrations (Fernandes et al. 1993) . No significant differences were found in the contents of intracellular lipids between the control and the cells grown in the medium containing NaCl (F test for control and 0.3-M NaCl is 4.26; for control and 0.7-M NaCl, 2.46; F=6.03− table value, P≤0.01), and this is consistent with the data reported for other B. braunii strains (Austin & Göttingen) (Vazquez-Duhalt and Arredondo-Vega 1991). However, the data on the effect of sodium chloride on intracellular lipid content in some algal species are quite contradictory. Elevated salinity of the medium caused lipids to decrease in Nitzschia frustulum (Renaud and Parry 1994) , Cladophora vagabunda (Elenkov et al. 1996) , and the halophilic alga Dunaliella salina (Al-Hasan et al. 1987) , which, like B. braunii, can synthesize hydrocarbons. In contrast, in Isochrysis sp. and N. oculata, elevated salinity resulted in the increase in lipid proportion (Renaud and Parry 1994) .
Many algae species, in response to unfavorable environmental conditions, synthesize large amounts of storage lipids such as triacylglycerols (Harwood and Jones 1989) . In the culture with NaCl, increasing of TAGs was observed at day3 of the experiment (Table 1) .
The chief role of fatty acids in algae is related to functions of cell membrane and metabolic processes (Guschina and Harwood 2006) . The degree of unsaturation of membrane fatty acids is also a significant parameter in adaptation of algae to environmental conditions. Changes in the lipid fatty acid profile in response to elevated salinity of the medium are necessary to keep the membrane fluid and prevent its destruction.
However, the data on the effect of sodium chloride on the fatty acid composition of algae lipids are scarce and contradictory. Cells of Isochrysis sp. grown under elevated NaCl concentrations in the medium contained increased proportions of polyunsaturated fatty acids-C18 and C22 (Ben-Amotz et al. 1985) . In contrast, Renaud and Parry (1994) reported a decrease in С18:5 and С22:6 in Isochrysis sp. grown under elevated salinity. A lower degree of unsaturation of lipids at elevated NaCl concentrations was reported for the algae Dunaliella sp., Nannochloropsis sp., and N. frustulum (Renaud and Parry 1994; Xu and Beardall 1997; Hu and Gao 2006) .
One of the reasons why these results are so contradictory can be that fatty acid composition was analyzed in algal cells of different growth phases. There seems to be only one available paper reporting lipid fatty acid compositions of algal cells grown under different NaCl concentrations that were taken for analysis during the exponential and the stationary growth phases. During the exponential growth phase, 18:3 increased and C16:0 decreased at 1.0 M NaCl and higher concentrations, and C20:4 increased at 1.5 M. During the stationary growth phase, C18:0 was demonstrated in the fatty acid profile, and there was a decrease in C20:4 that was not related to sodium chloride concentration of the medium (Lee et al. 1989) .
In this study, we analyzed variations in lipid fatty acids in the course of growth of the alga and its adaptation to salinity. In our previous study, we showed that under optimal conditions, during active growth of the alga, the major lipid fatty acids are C16 and C18 polyenoic acids (their total proportion being higher than 50% of the total fatty acids). As the alga enters the stationary growth phase, the saturated, monoenoic (mostly oleic) acids increase while the polyunsaturated ones decrease (Kalacheva et al. 2001) . So, the increase in oleic acid content found in the fatty acid profile of the control culture at day7 of the experiment and a simultaneous decrease in the proportion of polyenoic acids, mainly α-linolenic one, can be indicative of the culture entering the stationary growth phase.
The decrease in the content of polyenoic acids in the lipids of the alga in the presence of NaCl, especially noticeable at 0.7 M, was first found at day3 of the experiment. It may be related to partial degradation of chloroplast membranes. Destruction of chloroplast membranes causes termination of synthesis of certain galactolipids-the main lipids of photosynthesizing membranes (Harwood and Jones 1989) . For instance, cells of Synechococcus 6311 grown under elevated salinity contained lower proportions of monogalactosyl diacylglycerols, but higher proportions of digalactosyl diacylglycerols Khoumutov et al. 1990) .
Larger proportions of long-chain fatty acids in cells grown in the presence of NaCl can be due to accumulation of these acids in TAG. In our previous study, we already reported the presence of saturated fatty acids in the fraction of triacylglycerols (Kalacheva et al. 2001) . Larger proportions of long-chain fatty acids (22:0 and 24:0) in the presence of sodium chloride were reported for B. braunii LB 572 (Rao et al. 2007 ). Synechococcus 6311 was also shown to contain increased percentages of longer-chain fatty acids under elevated NaCl concentrations Khoumutov et al. 1990 ).
Generally, fatty acid composition undergoes alterations in response to salinity change. However, the physiological state of cells could influence fatty acid composition. Twoway analysis of variance allowed us to determine the degree to which the duration of alga culturing and salinity influenced the fatty acids of B. braunii IPPAS H-252 lipids. It was found that the influence of salinity is more important and statistically significant in comparison with the physiological state of algae. So, variations in the fatty acid composition of the alga were mainly due to the salinity of the medium (Table 3) .
Thus, the presence of 0.3 M NaCl and 0.7 M NaCl in the medium inhibited the growth of algal cells for the first 3 days of the experiment, causing considerable changes in the lipid fatty acid profile: a decrease in polyenoic acid contents and an increase in the proportions of oleic acid and saturated long-chain fatty acids. In later phases of the culture, algal biomass increased, and the degree of lipid unsaturation rose, mainly due to a rise in the content of polyenoic acids.
